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— [ntroduction

@ Axially compressed cylinders are prone to
buckling

@ A real manufactured cylinder always deviates
from the nominal structure

® These imperfections heavily
affect the buckling load

®traditional imperfections

&non-traditional imperfections

< material imperfections

<& uneven loading . {
<& thickness imperfections & :
®

® Main problem in design: Imperfections ]

are not known prior to manufacturing! axial compr:

't shell
imperfect

ions

imperfektions
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= Overview

@ Introduction

® Design philosophies

@ The “Probabilistic Perturbation Load Approach” (PPLA)

& Semi-Analytical Probabilistic Procedure (SAP): Overview

®PPLA: Main idea

& Application to DESICOS use cases

& Comparison to other design procedures

© Conclusion and next steps
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Design philosophies

Knock-Down-Factors
®NASA SP-8007

P
A= /P

0.5 9
°
§u§§ 82 . g
R"‘\ a s ° 8
l 0.902(1- e Ih) ’ T

®based on buckling
experiments

©in most cases overly
conservative

®only partly applicable to
composites

Deterministic Design

© Single Perturbation Load
Approach (SPLA)

buckling load N [kN]

(

perturbation load P [N]
[Hiihne et al., 2008]

®no imperfection
information necessary

&not always robust

(with respect to the experimental
buckling loads)

Probabilistic Design
& Monte Carlo

& Semi-analytical procedures

obtained
scatter

buckling load

®known level of reliability

®imperfection information
necessary

& Monte Carlo
computationally costly
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— Design philosophies

© Qualities of desired design procedure
©no geometric imperfection information necessary

®incorporate scatter of non-traditional imperfections

&always robust

% Combination of

Deterministic Design

geometric imperfections

March 25, 2015

and

Probabilistic Design

scattering non-traditional imperfections

Semi analytical
probabilistic procedure

4
[Kriegesmann, 2012] .
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— Semi-Analytical Probabilistic Procedure sap)
[Kriegesmann, 2012]

® Taylor approximation of the objective function
(= buckling load depending on scattering imperfections)

) — o+ 2 08B _'—’)M‘iibgllan(ng();r)ansforrnatign to+reduce and
R = éx, YT A (TGEQ_ITF&@T&Z,@% {fiput‘datamésdrs -

© Evaluation of the objective function aroulid the mean Valueiqf the input
x=2"z+p and z=X°(X-p)
parameters

% Numerical determination of the characteristicgmoments

— R().)
e R = 99.9 %
R =99 %
-------- R=90%

@ Choice of a type of distribution

(i.e. normal distribution)

@ Choice of a level of reliability to
obtain a robust design load

Reliability

oL L . i ‘
90 % 10 12 14 16 18 20
Buckling load A [kN]
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— Probabilistic Perturbation Load Approach
(PPLA)

Main idea:

& Combination of probabilistic and deterministic design approaches

semi-analytic probabilistic approach
M 0, = - '
Merp> Opp ==
He> O@ :
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— Probabilistic Perturbation Load Approach
(PPLA)

Main idea:
& Combination of probabilistic and deterministic design approaches

semi-analytic probabilistic approach

W, O, _
HE11> Ok11 —>

&

4
Lio- (N

g(x) = Mxx)
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— PPLA: Application - Use Cases

PPLA applied to shells treated within DESICOS

% Shell Z15 (DESICOS benchmark shell)
< nominal thickness t = 0.5 mm
& free length L = 500 mm, radius R = 250 mm
& CFRP IM7/8552, [+24 / +41]

[Degenhardt et al., 2007]
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— PPLA: Application to Z15 - Input Parameters

@ Scattering wall thickness

®Data basis: measurements of Cylinders Z15-726 W, O,
& Smeared wall thickness derivation for the entire shell
HE11> OE11
@ Scattering material properties
& Central moments obtained from  [Degenhardt et al., 2009] He2> OB2
HG12> OG12
® Loading imperfections
& Central moments obtained from [Kriegesmann, 2012] g Og
& Positioning of loading imperfections uniformly distributed on
interval [0° 180°] U, G
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Cumulative frequency

©
N
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o
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R=1-F

| =—PPLA Z15

10 20 30 40

Reliability

o
N

©
N

me= PPLA Z15

""""""""" R=99%

m SAP Z15

""""""""""" R=99%

""""""""" SPLA

e NAS A SP-8007
= perfect Cylinder

Buckling load A [kN]

20 30 40
Buckling load A [kN]
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Approach Reliability Design load Knock-Down
PPLA 715 99 % 12.5 kN 0.32
SAP 715 99 % 17.4 kKN 0.44
NASA SP-8007 - 12.3 kN 0.32
Min. test result 21.3 kN 0.54
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— PPLA: Application - Use Cases

PPLA applied to shells treated within DESICOS

& Shell Z36 (manufactured and tested within DESICOS) .
< nominal thickness t = 0.75 mm
& free length L = 800 mm, radius R = 400 mm

& CFRP IM7/8552, [+34 /0 /0 / £53]

otto
Edge
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— PPLA: Application to Z36 - Input Parameters

@ Scattering wall thickness

®Data basis: measurements of Cylinders Z15-726 |

measured

& Smeared mean thickness value for every shell obtained thickness
from [Degenhardt et al., 2009] leads to FE-

mesh

avarage
thickness

AtDegenhard‘[,i - tmeasured,i - tnom,ZlS

wall thickness

&Predicted mean thicknesses for new laminate setup:

ti - tnom,Z36 + AtDegenhardt,i

® Determination of central moments of wall thickness

Ui, Oy
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— PPLA: Application to Z36 - Input Parameters

® Scattering material properties

& Same CFRP material as Z15, thus the ESA study can serve
as data basis

& Central moments obtained from  [Degenhardt et al., 2009]

HE11> OE1g HE225 Op2n HG12> OGi2

® Loading imperfections

& Same testing machine as in  [Degenhardt et al., 2009]

& Central moments obtained from  [Kriegesmann, 2012]

H@a G@
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1 r = 1 r H —
== PPLA 736 === PPLA 736
e SAP 736 s R = 99 %
0.8} e SPLA 0.8} === SAP Z36
Z | | NASA SP-8007 s R = 99 %
§ =——perfect Cylinder|  |J =/} } | | ] e SPLA
506 2 0.6 = NASA SP-8007
‘i R=1.F > 5 = perfect Cylinder
= - =
Z 04} & 0.4f
g
O
0.2t 0.2
0 . . . 0 . . . .
0 20 40 60 80 100 0 20 40 60 80 100
Buckling load A [kN] Buckling load A [kN]
Approach Reliability Design load Knock-Down
PPLA 736 99 % 44.9 kN 0.48
SAP 736 99 % 61.1 kN 0.65
NASA SP-8007 - 28.7 kKN 0.31
Test result 64.0 kN 0.68
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— PPLA: Application to Z36 - Results

PA Ni A

> >
A P
Approach Reliability ~ Design load Knock-Down
PPLA 736 99 % 44.9 kN 0.48
SAP 736 99 % 61.1 kN 0.65
NASA SP-8007 - 28.7 kN 0.31
Test result 64.0 kN 0.68
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— Conclusion and next steps

@ A combination of the SPLA and a semi-analytical
probabilisic procedure has been established

& geometric imperfections are covered by SPLA

&non-traditional imperfections are covered stochastically

©robust design loads were obtained

Future work:

® For which laminate setups is the SPLA applicable?

@ Investigations on further non-traditional imperfections

® Comparison of the simulations with
experimental results within DESICOS

[Hiihne et al., 2008]
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— PPLA - Evaluation of the objective function

@ Taylor approximation of the objective function

+Z ax x, Hi) ZZZOX,OXJ i Iy

SAP:  g(x) = MX) V/ [Kriegesmann, 2012]
PPLA:  g(x)=N,(x)

\

Is a second order Taylor approximation still valid for N,(x) ?
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@ N, (x) for x; = [u; - 30,

20 r T : r — 20 ——r—r————— 20 ————r—r————
O SPLA Calculations O SPLA Calculations O SPLA Calculations
=== second order approx. === second order approx. === second order approx.
19+ ] 19+ ] 19+
id id \
= 18¢ . \ P = 18f ; ‘ = 18f ; ‘
z D z z
g val z vautt g VaMY
Z a7 s Z a7 Z 000000\ _~wooT0000800003839
16+ 16+ 16f
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Young's modulus E11 [Nlmmz] x 10° Young's modulus E22 [N/mm2] x 10* Shearmodulus G12 [N/mmz]
30 T T : T T 25 T T T T T T 30 N ——
O SPLA Calculations O SPLA Calculations SPLA Calculations
=== second order approx. === second order approx. second order approx.
25+ 20+
z b z
~ L ~ & ~
=20 d =15 a s‘b\w =
> val > valt >
//// 7///
15} 10t — ]
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thickness t [mm] bending angle 0 [°] angle o [°] defining the bending axis
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— PPLA - Evaluation of the objective function

Is a second order Taylor approximation still valid for N,(x) ?




— PPLA - Evaluation of the objective function
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— PPLA - Evaluation of the objective function
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Is a second order
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25| | still valid for N,(x) ?
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